The penicillinase repressor (PENI) negatively regulates expression of the penicillinase gene (penP) in Bacillus licheniformis by binding to its operators located within the promoter region of penP. penI codes for a protein with 128 amino acids. Filter-binding analyses suggest that the active form of the repressor is a dimer. Genetic analyses of PENI derivatives showed that the repressor carrying either a 6-amino-acid deletion near the N terminus or a 14-amino-acid deletion at the C terminus was functionally inactive in vivo. A repressor derivative carrying a 6-amino-acid deletion within its N-terminal region was extensively purified and used in DNA footprinting and subunit cross-linking analyses. The results of these studies showed that the repressor derivative had lost its ability to bind operator specifically even though it could dimerize effectively. In similar studies, we demonstrated that an N-terminal portion of PENI with a molecular mass of 10 kDa derived by digestion with papain was able to bind operator specifically but with reduced affinity and had completely lost its ability to dimerize. These data suggest that the repressor has two functional and separable domains. The amino-terminal domain of the repressor is responsible for operator recognition, and the carboxyl-terminal domain is involved in subunit dimerization.
The inducible enzyme penicillinase produced by Bacillus licheniformis is encoded by the chromosomal gene penP (3) . In the absence of penicillin, the expression of the penP gene is negatively regulated at the level of transcription by a repressor. Genetic analysis (3, 19) indicates that this penicillinase repressor (PENI) is encoded by the closely linked gene penl.
The mechanism involved in the induction of the penP gene by exogenous penicillin is unknown, but two additional regulatory genes, penRl and penR2, are believed to play a role in the signal transfer process. penRi codes for the penicillin receptor protein, which is located in the bacterial membrane (7, 11) . penP and penI are transcribed divergently from within a 364-nucleotide region separating the coding regions. The translation initiation codon of penR1 is located 5 bases downstream of the coding region ofpenI. Therefore, penI and penRi are likely transcribed as a polycistronic mRNA from the penI promoter. penI was expressed in Escherichia coli, and its gene product was purified. The purified PENI was used in vitro for gel retardation and DNase I footprinting experiments to characterize its interactions with the regulatory regions of the pen genes, and three penI operators, positioned in the region between the penP and penI coding sequences, were identified (25) . Since these operator sequences overlapped with the promoter sequences of penP and penI, we propose that the PENI repressed the expression of penP by physically blocking the RNA polymerase-binding site and that pen! was autoregulated.
PENI is a protein with 128 amino acids. It binds to a nucleotide sequence 29 bp long that contains a region of dyad symmetry. The nucleotide sequences in the three operators are highly conserved and show a consensus half-site of 5'-ANN aTTACA a'-3'. The nucleotides shown in uppercase appear exclusively at the positions indicated, with the exception of the first T in TTACA which is present in five of six half-sites. The nucleotides shown in lowercase share these positions, and each * Corresponding author.
is found half the time. Although amino acid sequence comparison of PENI with other DNA-binding proteins suggests that it contains a helix-turn-helix motif within its amino terminus, there is nothing known about the structure-function relationship of the various regions of the protein. In this paper, we present evidence that PENI contains separate domains for DNA binding and protein dimerization.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli DG101 (thi-1 hsdRJ7 endAl supE44 lacIq lacZAM15 F-) and DG116 (thi-1 hsdRJ7 endAl supE44 [XcI857 AH] bioT6]) were obtained from D. Gelfand, Cetus Corporation. E. coli MC1000 (2) was provided by Malcolm J. Casadaban, University of Chicago. Plasmids pUC18 and pFC54.t (24) have been described previously. The restriction map of plasmid pVW37 is shown in Fig. 1 . This plasmid is a derivative of pDH5413 (25) . It carries penI under the control of the trp promoter (15) , followed by a polylinker region and the crystal protein transcriptional terminator (26) . Plasmid pVW31 was constructed by inserting a HindIllBamHl restriction fragment containing penI into the HindITIHincTT sites of pUC18.
Expression and purification of repressor protein. Expression and isolation of native PENI has been described previously (25) . The repressor was further purified by using a MonoS column (Pharmacia) as described by Grossman and Lampen (5), except that KCl was substituted for NaCl. PENI eluted from the column as a discrete peak between 400 and 450 mM KCl. This method consistently yielded repressor preparations in which at least 75% of the PENI was active, as estimated by gel shift analysis (25) . The 20 mM NaPO4 (pH 7.0) and 50 mM KCI for EDC and EDC + sulfoNHS, with concentrations of the cross-linking reagents at 2 mg/ml (0.73 mM), 3 mg/ml (0.75 mM), 10 mM, and 100 mM + 5 mM, respectively. Cross-linking reactions were performed as previously described (6, 16, 22, 23) . In the initial screening, we identified EDC as the most efficient cross-linking agent. Its optimal concentration for cross-linking the repressor was 50 Tris-HCl (pH 7.4), 2 mM MgSO4, 50 gLg of bovine serum albumin per ml, and 50 mM KCl at an operator concentration of less than 1 nM. Enzymes and radiolabeling procedure. Restriction enzymes and T4 DNA ligase were obtained from New England BioLabs, Inc.; calf intestinal alkaline phosphatase and T4 polynucleotide kinase were obtained from Boehringer Mannheim Biochemicals. All reaction conditions for the enzymes were used as recommended by the suppliers. Previously described methods (14) were used for 5'-end labeling of DNA fragments with [_y-32P]ATP (3,000 Ci/mmol; New England Nuclear Corp.).
Miscellaneous techniques. The methods for transformation and preparation of competent cells of E. coli (13) , protein determination (21), and SDS-polyacrylamide gel electrophoresis (PAGE) of protein samples (12) are described elsewhere.
,B-Galactosidase activity was determined by the method of Miller (15) . The specific activity of f-galactosidase is expressed as millimoles of o-nitrophenol formed per minute per milligram of protein at 28°C.
RESULTS
The active form of PENI is a dimer. The equilibrium parameters of PENI-operator interaction were measured by a filter-binding assay. A 29-bp oligonucleotide fragment containing the penP2 operator (5'-GATCTCAAATCTTACAAATG TAGTCTTTG-3') was synthesized and cloned into the BamHI site of pUC19. The resulting plasmid was digested with EcoRI, dephosphorylated with calf intestinal alkaline phosphatase, and end labeled with [-y_32P ]ATP. Various amounts of purified penl repressor were then added to the binding solution containing 10-" M labeled penP2 operator. After equilibration, the mixtures were filtered through nitrocellulose filters. The filters were then washed, and the amount of bound operator was determined by scintillation counting. Figure 2 shows the binding of PENI to labeled plasmid bearing a single penP2 operator at various repressor concentrations. The curve is sigmoid, suggesting that the repressor monomers are in concentration-dependent equilibrium with an oligomeric form of the repressor and that the oligomer is the active form for binding the penP2 operator DNA. Thus, at the low repressor concentrations (at the beginning of the curve) most of the repressor present are monomers, and monomers do not bind operator DNA strongly. As the repressor concentration rises, the proportion of the oligomers increases, giving a sigmoidal increase in binding. Thus, the shape of the binding curve reflects two equilibria. One is the association of repressor Fig. 2 is shown in the inset in Fig. 2 . The slope of the line is 2, indicating that the active form of PENI is a dimer. This conclusion was supported by the results of cross-linking experiments utilizing purified PENI, which are presented later in this section.
In our filter-binding experiments, the concentration of the penP2 operator is low (10-11 M) in comparison with the repressor concentration at which half-maximal DNA binding occurs. Therefore, the overall equilibrium dissociation constant, K, is approximately equal to the square of repressor concentration at the half-maximal binding point (9) . Thus, the overall dissociation constant, K, is calculated to be 2.5 x 10-15 mol2/liter on the basis of the data presented in Fig. 2 . This represents the value for binding of the PENI dimer to the single penP2 operator site.
In vivo genetic analysis of PENI. Deletions starting from both the 5' and 3' ends of the penI gene were constructed in vitro, and the repressor functions of their derivatives were examined in vivo. The plasmid pVW37 (Fig. 1) Fig. 3, cells harboring (Fig. 4) . Analysis of each deletant demonstrated that whether thepenI was induced or uninduced, Expression of amino-truncated repressors. E. coli MC1000 was transformed with plasmids constructed by substituting the wildtype penI in pVW37 with penI derivatives encoding PENIA(3-8), PENIA(3-13), and PENIA(3-23). These strains were designated VW40, VW41, and VW42, respectively. Strain VW43 carried pVW37 and expressed the wild-type PENI. VW40 (lanes 1 and 2), VW41 (lanes 3 and 4), VW42 (lanes 5 and 6), and VW43 (lanes 7 and 8) were grown in M9 medium containing 0.5% Casamino Acids (15) induced and uninduced was less than 2%, two isolates for each mutant were tested; data not shown) while the induction of the wild-type penI resulted in a threefold decrease in the 3-galactosidase level, from 101 to 37 U. The results indicate that PENI lacking 6, 11, or 21 amino acids at its N terminus has lost its ability to repress expression from thepenP promoter. Thus, the N terminus of the repressor is essential to the in vivo function of PENI.
To make deletions at the 3' end of penI, we utilized unique restriction sites that were engineered into pVW37 (Fig. 1 ). Since these sites were engineered in the 3' noncoding region of penI, we were able to linearize the plasmid and use the exonuclease III-Si nuclease protocol (see Materials and Methods for details) to create deletions at the 3' end of penI. It should be noted that we also inserted a linker carrying the termination codon TGA in all three reading frames downstream of the deletion endpoints in penI ( Table 1) . As a result, all the deleted PENI derivatives contain no more than two additional amino acids beyond their remaining native PENI sequences. pVW37 derivatives carrying these deleted penI genes were introduced into E. coli MC1000, and the transformants were plated on agar media containing ampicillin and X-Gal but lacking tryptophan. Blue colonies result from cells which produce nonfunctional repressors because of deletions in pen!. Large numbers of blue colonies were picked, and their plasmids were isolated. The endpoints of these deletions were then determined by DNA sequencing. Such analysis indicated that PENI was not able to maintain its in vivo activity after the loss of as few as 14 amino acids from its C terminus. This conclusion was confirmed by examining the lacZ activities of E. coli transformants carrying pVW37 derivatives with deletions of 14, 25, 53, or 65 codons at the 3' end of the penI gene. As shown in Fig. 5 , none of these deleted PENI derivatives was able to repress the expression of the penP-lacZ fusion gene in E. coli. This demonstrates that the C terminus of the repressor is also essential for the in vivo function of PENI.
To investigate whether the derepression of the penP-lacZ fusion gene was due to the instability of the carboxyl truncated repressors, we carried out immunoblot analyses to demonstrate the accumulation of these truncated PENIs in the E. coli host containing the pVW37 derivatives (data not shown). The anti-PENI polyclonal antibody was able to detect the PENI derivatives which had 14 or 25 amino acid residues deleted from their C termini [PENIA(115-128) or PENIA(104-128), respectively] in E. coli extracts prepared from the cells carrying plasmid pHCW26 or pHCW15, respectively. The failure of the anti-PENI antibody to detect the repressors which lacked their last 53 or 65 amino acid residues in the cell extracts was likely due to the reduced affinity of our polyclonal antibody for these truncated repressors. When the carboxyl truncated repressors were overexpressed in a PL vector, the expression level of each was approximately equal as estimated on a Coomassie bluestained SDS-polyacrylamide gel. However, when the same lysates were appropriately diluted and immunoblotted with the anti-PENI polyclonal antibody, the signal generated by the repressors decreased significantly as the size of the carboxyl terminus decreased (data not shown). On the basis of these observations, we believe that the repressors lacking 53 or 65 amino acids were undetected by the polyclonal antibody even though their expression levels were equivalent to those of PENIA(115-128) or PENIA(104-128).
The C-terminal region of the PENI is responsible for the dimerization of the protein. We performed cross-linking studies and DNase I footprinting analysis with the wild-type and truncated derivatives of PENI to examine whether the DNA binding and the dimnerization properties are carried by separable domains of the repressor.
Cross-linking studies were carried out with three forms of the repressor; the wild-type protein, a truncated repressor lacking six amino acids near the amino terminus, PENIA (3) (4) (5) (6) (7) (8) , and the papain-digested form of the repressor, PENIA(87-128). When PENI was digested with papain, a derivative lacking 42 amino acids at the carboxyl terminus was obtained (i.e., Fig. 6b, lane 5) . All forms of the repressor were purified by using a protocol developed previously (25) , with an additional step of elution from a MonoS column (Pharmacia) (5 kDa represent dimer forms of the PENI and PENIA (3) (4) (5) (6) (7) (8) monomers, respectively. In contrast, when the papain-digested form of the repressor was cross-linked with EDC, we did not detect significant amounts of dimer-sized material in the protein preparation on SDS-15% PAGE (Fig. 6b, lane 4) . The cross-linked form of the papain-treated PENI appears to be smaller than the untreated form. This could be due to crosslinking within the amino-terminal domain, making it more compact and thus causing it to migrate faster on SDS-PAGE. These results suggested that at a concentration of 5 x 10 -6 M, the wild-type and the amino terminally truncated repressors exist primarily in the dimer form and the deletion of the C terminus of the repressor by papain treatment eliminated the protein's ability to form dimers.
The N terminus of PENI is responsible for operator recognition. To examine whether the N-terminal portion of the repressor is responsible for operator recognition, we carried out DNase I footprinting analysis on the penI operator using wild-type and deletion derivatives of the repressor. A 216-bp restriction fragment that carried the penI operator was used as the target DNA in this footprinting analysis. As shown in Fig.  7 , when PENI was present at a concentration of 10 nM, the a 1234 b 27-bp-long penI operator was completely protected from DNase I digestion (Fig. 7b, lane 2) . In contrast, neither PENIA (3) (4) (5) (6) (7) (8) or PENIA(87-128) was able to protect the penI operator when they were used in nanomolar quantities (data not shown). At a concentration of 2 ,uM or higher, PENIA(87-128) preferentially protected a region corresponding to the center of the penI operator sequence from DNase I digestion (Fig. 7c, lanes 2 and 3) . This indicated that the papain-digested repressor still specifically recognized the penI operator but with much reduced affinity. However, at a concentration of 2 ,uM, the repressor lacking the six amino acids near its N terminus did not preferentially protect the penI operator region from DNase I digestion (Fig. 7a, lane 2) . This suggested that the six-amino-acid deletion at the N terminus of the repressor eliminated the operator recognition function of PENI. When the N terminally truncated form or the papaindigested form of the repressor was used at a concentration of 10 ,uM or higher in DNase I footprinting, regions surrounding the operator sequence were indiscriminately protected (Fig. 7a  and c, lanes 3 and 4) . We believe this to be the result of nonspecific binding of repressor derivatives to the DNA substrate.
DISCUSSION
We employed the SI nuclease-exonuclease III (20) and PCR loop out approaches to create deletions both at the 5' and 3' ends of penI. The constructs expressing these mutant repressors were tested for their ability to suppress transcription from the penP promoter linked to the reporter gene lacZ. Results of these analyses indicated that amino acid residues positioned at both the amino and carboxy termini of PENI were essential for in vivo activity. Since immunoblot analysis demonstrated that the mutant repressors accumulated to significant levels in cells, we further concluded that the mutant repressors' failure to control the expression from the penP promoter was not due to their instability in vivo.
In vitro characterization of the purified repressor proteins, either carrying a six-amino-acid deletion at its N terminus, PENIA (3) (4) (5) (6) (7) (8) The weak interaction of the PENIA(87-128) monomer with its operator is possibly due to the inability of the monomer to distort the operator DNA enough to obtain the nonspecific interactions which usually occur between the repressor dimer and the operator sequence in the protein-DNA complex. The crystal structure derived from the phage 434 repressor-operator complex (1) suggests that stabilization of the repressoroperator complex results from this repressor's ability to distort the DNA helix. This repressor "overwinds" the helix at the center of the operator, compressing the minor groove and "unwinds" the helix at the end of the operator sequence, widening the minor groove. The result is an increase in the contact surface between operator and repressor. The formation of the PENI dimer may be necessary to increase the residence time of the repressor on the operator or to trigger an organizational change in the domains of the monomer to initiate the nonspecific protein-DNA interaction.
Genetic analysis indicates that PENI is inactivated upon penicillin induction (3, 19) . Immunoblot analysis indicated that the repressor remained intact during induction and that its intracellular concentration increased roughly fivefold (data not shown). Therefore, it appears that the inactivation of PENI does not take place at the level of transcription or by proteolytic cleavage, as is the case with the XcI repressor. It is possible that the repressor is modified in a way which disallows dimer formation upon penicillin induction. Isolation of the penR2 gene and identification of its gene product may shed some light on the inactivation mechanism. However, we can not eliminate the possibility that the failure of the repressor to function results from direct modification of its DNA-binding domain.
Examination of the protein sequences of PENI and the ARC repressor of bacteriophage P22 indicates that there is a region of similarity from amino acids 4 through 9 of ARC with positions 1 through 6 of PENI. This is particularly intriguing because the first nine amino acids of ARC have been shown to determine operator-binding specificity (10 Our results demonstrate the importance of the amino-terminal residues of PENI for its operator recognition. In addition, it is interesting to note that the nucleotide sequence of the consensus half-site of both operators is quite similar (10, 25) . The important bases are underlined in the half-sites presented below.
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